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The replicative proteins of Rubella virus are generated from a polyprotein that is translated from the 5*-terminal segment
of the viral genome. The determination of the genome sequence and the description of amino acid sequence motifs which
are proposed to be characteristic for helicase proteins have indicated that the polyprotein region located between amino
acid residues 1300 and 1600 represents the Rubella virus helicase. We have expressed a segment comprising the sequences
between the amino acid residues A (1225) and R (1664) as part of a glutathione S-transferase fusion protein in Escherichia
coli. We show that this protein contains a nucleoside triphosphatase activity which hydrolyses all eight ribonucleoside- and
deoxyribonucleoside triphosphates. The activity of the protein, determined by ATP hydrolysis, was influenced by the presence
of single-stranded RNA; it was stimulated about 1.7-fold in the presence of poly(U), poly(C), or poly(dT) and inhibited to half
its activity in the presence of poly(G). These functions represent characteristic helicase partial functions and provide
experimental support for the predicted localization of the helicase in the nonstructural polyprotein. q 1996 Academic Press, Inc.
Replication of many viruses depends on helicase func- functions represent characteristic partial functions of the
helicase.tions, which are involved in the synthesis of complex
The sequence of the Rubella virus genome, which isnucleic acids. An important step in the identification of
predicted to code for the viral helicase, is shown in Fig. 1.these proteins has been the description of amino acid
In order to clone the DNA corresponding to the predictedsequence elements, which are possibly characteristic for
helicase region, genome RNA was transcribed into sshelicase proteins (5, 9, 6). Predictions based on these
cDNA by MLV reverse transcriptase (Gibco BRL Super-sequence motifs have allowed the isolation and bio-
script II), followed by removal of the template RNA bychemical identification of the corresponding proteins in
RNAse H, using the conditions specified by the suppliera number of virus systems.
of the enzymes. Rubella RNA (1 mg), isolated as de-Rubella virus and the alphaviruses are classified as
scribed earlier (17, 7), was transcribed in a reaction vol-separate genera in the togavirus family (12). In both gen-
ume of 50 ml in the presence of 0.5 mg of random p(dN)6era the nonstructural (NS) proteins are derived from a
hexamer oligonucleotides as primers. The amplificationpolyprotein which is translated from 5*-terminal se-
of the helicase sequences was performed by PCR, usingquences of the genome RNA and the structural proteins
the PFU polymerase (Stratagene) under the conditionsare generated from a subgenomic mRNA which contains
specified by the supplier of the enzyme. In a standardthe 3*-terminal sequences of the genome. The structure
reaction 1 ml of the cDNA synthesis reaction was addedand molecular biology of Rubella virus have been studied
into 50 ml of the amplification reaction containing 100in detail (4). The determination of the sequence of the
pmol of both, the plus-strand and minus-strand synthesisRubella virus genome together with the identification of
primers. Primers P1 5*-GTGGAg ATTg CGCCTGTTCGCGC-helicase sequence motifs have led to the suggestion that
GTGTGG or P2 5*-GACGAAg Tg TCGAGGTGCGCCGC-the Rubella virus NS polyprotein region encompassing
CTCGG, which bind to the primer binding sites PBS1 andthe amino acid residues 1300 to 1600 represents a viral
PBS2 (Fig. 1), respectively, were used for priming of plus-helicase (3). We show that a glutathione S-transferase
strand synthesis; primers M1 5*-CTTGAAg Tg TCCGCCAG-fusion protein, isolated from Escherichia coli, which con-
TGCCCCGGCGTC or M2 5*-CCGGg AAg TTCTCGTTCGCC-tains these sequences represents an NTPase, which is
CTCAGTCACGC, which bind to the primer binding sitesstimulated by binding to single-stranded RNA. These
PBS3 and PBS4, respectively, were used for priming of
minus-strand synthesis (Fig. 1). All primer molecules con-
tain mutations, indicated by dots, which introduce EcoRI1 To whom correspondence and reprint requests should be ad-
dressed. Fax: 0641-23960. restriction sites into the termini of the amplification prod-
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FIG. 1. The predicted helicase region of the Rubella virus genome. The genome sequence (3) containing the nucleotides 3695 to 5071 is shown
together with the derived amino acid sequence. The helicase amino acid sequence motifs I, IA, II, III, IV, V, and VI (3, 5) are also shown. The four
sequences to which the primer oligonucleotides P1, P2, M1, and M2 used for PCR amplification of the putative helicase segment did bind are
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ucts which do not contain other EcoRI sites. These muta- Lys C was therefore performed, the products were sepa-
rated by SDS–PAGE, blotted onto a PVDF membrane,tions are not silent. The four primer oligonucleotides P1,
P2, M1, and M2 set up four amplification reactions con- and localized by Coomassie blue staining. In accordance
with the above expectation high molecular weight frag-taining the primers P1-M2, P1-M1, P2-M2, or P2-M1, re-
spectively. The lengths of the predicted amplification ments were generated which could be subjected to N-
terminal amino acid sequence determination (2). Fromproducts are 1338, 1140, 1056, and 858 nt, respectively.
The lengths of the products obtained were in good two large fragments of about 26 and 15 kDa apparent
molecular weight the amino-terminal sequences N A Aagreement with the predictions (data not shown).
PCR products were cloned into the EcoRI site of the T Y E R R L T K P L A and (X) (X) L V P R G S P E F A
were determined. The first of these sequences is derivedpGEX 1 lT (Pharmacia) expression vector (15) and ex-
pressed in SCS-1 cells. In this system the Rubella virus- from the Rubella NS protein as indicated in Fig. 1. The
second sequence contains the carboxy-terminal part ofderived sequences are synthesized as part of a glutathi-
one S-transferase fusion protein, which can be purified the glutathione S-transferase segment of the p70 protein.
The data show that the correct Rubella sequences areby affinity chromatography on glutathione Sepharose 4B.
Clones containing the insert in the correct orientation present in the p70 protein and that no reading frame shift
has occured during the cloning manipulations.were identified by restriction fragment analysis. In a first
series of experiments the amplification products con- In the standard ATPase assay the p70 protein was
incubated at a concentration of 0.35 mg/ml (5 pmol/ml)taining 1338 and 858 nt were cloned. An SDS–PAGE
analysis (10) of the fusion protein obtained after cloning in a solution containing 1 mM K-acetate, pH 7.3, 6 mM
Mg-acetate, 1 mM DTT, 50 mg/ml BSA, 0.1% octylgluco-the longer of these DNA molecules is shown in Fig. 2A.
The fusion protein synthesized from this construct should side, 0.2 mM unlabeled ATP at 307, either in the absence
of polynucleotide or in the presence of 100 mg/ml ofhave a total length of 675 amino acids. The recombinant
plasmid giving rise to this product is therefore called poly(U). g-32P-labeled ATP (5000 Ci/mmol) was present
at concentrations of up to 1 mCi/10 ml. The hydrolysis ofpGEX 675. The fusion protein has a predicted molecular
weight of 75,544 Da and it should contain the Rubella ATP was monitored by DEAE paper electrophoresis (14)
as described earlier (18). An analysis of the ATPase activ-NS protein segment between residues A 1225 and R
1664 (Fig. 1). It can be seen that a protein of similar ity of a p70 protein preparation is shown in Fig. 2B. It
can be seen that the preparation contains an ATPaseapparent molecular weight is synthesized in the trans-
fected cells and that this protein can be purified by affinity activity which is stimulated about 1.5-fold in the presence
of poly(U).chromatography on glutathione agarose. This molecule
is called p70 protein. In accordance with the sequence SDS–PAGE analyses show that p70 protein prepara-
tions contain small amounts of other proteins besidespredictions, the cloning of the amplification product con-
taining 858 nt gave rise to a fusion protein product of the p70 molecule. It is therefore important to specifically
associate the ATPase activity with the p70 molecule. Thisabout 58,467 Da molecular weight, but since this protein
preparation did not contain an ATPase activity it was not has been done by introducing a mutation into the NTP-
binding site motif I of the p70 protein, followed by theanalyzed further (data not shown).
That the p70 protein did contain the Rubella nonstruc- isolation of a p70 mutant protein preparation and analy-
sis of its ATPase activity. The motif I sequence elementtural protein sequences expected from its mode of con-
struction was verified by amino acid sequence analyses. GXGKT present in the Rubella polyprotein (Fig. 1) con-
tains a strictly conserved K residue, the residue K 1357The predicted Rubella NS protein sequence contains
only six lysine residues (Fig. 1), whereas the glutathione of the Rubella polyprotein, which is involved in NTP bind-
ing (16). This residue was mutated to a Q residue usingS-transferase segment of the fusion protein contains 21
lysine residues (data not shown). Cleavage of the p70 sequential PCR (8) as follows: In the first step, the plas-
mid pGEX 675, containing the wild-type Rubella se-protein by the protease Lys C, which cleaves after lysine,
generates a great number of small fragments from the quence, was subjected to two PCR amplification reac-
tions using either the primers P1 and Mut2 or the primersglutathione S-transferase segment of the fusion protein
and a few large fragments from the Rubella NS protein M2 and Mut1, respectively. The localization of the corre-
sponding sequences is shown in Fig. 1. The primer Mut1segment. A complete cleavage of p70 protein by protease
boxed and are identified as PBS 1, PBS 2, PBS 3, and PBS 4. The corresponding primers are indicated in brackets; their exact sequences are given
in the text. The sequence to which the oligonucleotides Mut1 and Mut2 used to introduce a K to Q mutation in motif I bind, the MPS site, is
underlined. The mutated K residue is encircled. The sequence of this oligonucleotide is also given in the text. This mutation consists of the alteration
of an AAG codon into a CAG codon and introduces a new MscI site TGGCCA in the mutant plasmid in the position indicated in brackets. The p70
fusion protein derived from P1-M2 amplified DNA (see text) contains the Rubella polyprotein segment from the residue ala 1225 to arg 1664; the
mutated K residue is the residue 1357 of the Rubella virus NS polyprotein (3). These numbers are also indicated. All K residues are either encircled
(residue 1357) or indicated by triangles. The amino acid sequence determined from Lys C cleaved p70 protein (see text) is underlined.
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FIG. 2. Isolation of the p70 ATPase. The predicted helicase region of the Rubella virus genome was amplified by polymerase chain reactions
using the primer pairs P1-M2, P1-M1, P2-M2, and P2-M1 (Fig. 1). SDS–PAGE analyses of the fusion protein obtained after cloning the DNA obtained
from the P1-M2 reaction into the EcoRI site of the pGEX 1lT vector are shown in A. The total protein present in the bacteria after induction, the
soluble protein extracted by sonication, and the protein eluted from the glutathione agarose affinity column are separated on lanes 1, 2, and 3,
respectively. The molecular weights of marker proteins (lane M) are indicated in the figure. A photograph of a Coomassie blue-stained gel is shown.
ATPase activity of the p70 protein preparation was analyzed by standard ATPase assays containing 0.1 pmol of p70 protein (7 ng) in a 20-ml reaction
which contained no nucleic acid or 100 mg/ml of poly(U). 1-ml aliquots were removed at the times indicated in the figure and subjected to DEAE
paper electrophoresis. A quantitative analysis of the inorganic phosphate released in this experiment, as determined by scintillation counting, is
shown in B.
has the sequence 5*-GGCGCTGGCCg AGACTACCCGGg - present in all clones (Fig. 3A). An SDS–PAGE analysis
of p70 wild-type and mutant protein preparations andATCCTCG. The primer Mut2 is its exact complement. The
dots indicate base alterations as compared to the wild- analyses of their ATPase activities are shown in Figs. 3B
and 3C, respectively. It can be seen that the preparationtype sequence. An AAG codon coding for the residue K
1357 of motif I (Fig. 1) is changed into a CAG triplet containing the p70 mutant protein contains no detectable
ATPase activity. This finding allows association of thecoding for a glutamine residue. This change also intro-
duces an TGGCCA MscI restriction site at this position. ATPase activity to the wild-type p70 protein.
Analyses of properties of the p70 protein NTPase areA second silent mutation introduces a BamHI site, which
is not used in the present experiments, into the mutant. summarized in Table 1. The influence of various homo-
polymeric and heteropolymeric polynucleotides on theThese reactions amplify the 5*-terminal and 3*-terminal
part of the cDNA insert of the wild-type clone and overlap ATPase activity of the p70 protein has been analyzed.
The highest stimulation, about 1.7-fold, is observed inin the region of the Mut1 and Mut2 primers (Fig. 1). Com-
bining of the amplification products of these reactions in the presence of poly(U), poly(C), or poly(dT). A number
of polynucleotides, e.g., the dsDNA molecules analyzed,a third PCR reaction using primers P1 and M2, therefore
allows the amplification of the complete insert with the have no effect. Poly(G) inhibits the ATPase activity. Hepa-
rin, a polyanionic-sulfated linear polysaccharide has nointroduction of the mutation present in the Mut1 primer.
Since the K 1357 Q mutation is located between unique effect, a finding that indicates that the observed effects
are not generated in any unspecific manner by the pres-NcoI and ClaI sites (Fig. 1), the amplified DNA is cleaved
by these enzymes and the resulting fragment is cloned ence of polyanions in the reaction. The ability of the p70
protein to hydrolyze ribonucleoside and deoxyribo-into the wild-type pGEX 675 DNA cleaved by NcoI and
ClaI. Since the wild-type plasmid contains only one MscI nucleoside triphosphates is also shown in Table 1. Since
a-32P-labeled substrates were used in these assays,restriction site (at nucleotide position 463) the introduc-
tion of a second MscI site during mutagenesis is readily ATP, ADP, and AMP did remain radioactively labeled
and could be separated by prolonged electrophoresis onverified by the cleavage of the mutant plasmid by MscI
into two fragments of 875 and 5400 nt length, respec- DEAE paper (14). The results of these analyses show
that in the absence of polynucleotides the p70 proteintively. Such analyses of three clones, isolated from se-
quential PCR mutagenesis, show that this mutation is hydrolyzes all eight ribonucleoside and deoxyribonucleo-
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nonstructural protein segment comprising the sequence
from residue A 1225 to residue R 1664 has been ex-
pressed as part of a glutathione S-transferase fusion
protein in E. coli. The data reported show that this seg-
ment contains a nucleoside triphosphatase activity which
hydrolyses all eight ribonucleoside and deoxyribonucleo-
side triphosphates (Table 1). The data reported above
provide experimental support for the proposed role of
the expressed Rubella virus polyprotein segment as a
helicase (5). The function of this segment as a nucleoside
triphosphatase, the activity of which is regulated by the
presence of single-stranded nucleic acids, represents a
set of partial functions of the functions required for the
unwinding of complex RNA structures. In preliminary ex-
periments we have not seen an unwinding activity in
our p70 protein preparation (data not shown), but more
experiments will be necessary to clarify this point. On
the basis of amino acid sequence homologies it has
been proposed that the helicases can be grouped into
the three superfamilies 1, 2, and 3 (6). Recently the pro-
posed helicase of the Semliki Forest alphavirus which is
also predicted as a superfamily 1 helicase has been
TABLE 1
Properties of the p70 NTPase
Activity of Activity of
Polymer ATPasea Polymer ATPasea
None 100 Heparin 97
Poly(U) (6.1S) 161 poly(dT) (8.0S) 177FIG. 3. Analyses of the pGEX 675 K 1357 Q mutant. An analysis
poly(G) (9.0S) 52 poly(dG) (11.0S) 81by agarose gel electrophoresis of the fragments generated by MscI
poly(A) (8.5S) 100 poly(dA) (6.5S) 104
digestion from the DNA of the wild-type pGEX 675 plasmid (lane wt) poly(C) (7.8S) 161 poly(dC) (5.4S) 106
and from three clones 1, 2, and 3 (lanes 1, 2, 3) derived from the plasmid rRNA (E. coli) 102 l genome DNA 100
after K 1357 Q mutagenesis is shown in A. The size of molecular weight salmon sperm DNA 98
marker molecules (lane M) is also indicated. Glutathione S-transferase
fusion proteins were isolated from SCS-1 cells transfected by either Specific activitiesb of p70 as NTPase
the clone 1 mutant plasmid or the wild-type plasmid by affinity chroma-
Sub- Sub-tography and separated by SDS –PAGE. The photograph of a Coomas-
strate 0poly(U) /poly(U) S.A./
S.A.0 strate 0poly(U) /poly(U)
S.A./
S.A.0sie blue-stained gel is shown in B. The molecular weight of marker
proteins (lane M) is indicated in the figure. A standard assay of the
ATP 880 1440 1.64 dATP 880 1302 1.48ATPase activity (see text) present in the preparation of the mutant and
GTP 1104 1880 1.70 dGTP 888 1278 1.44wild-type p70 proteins is shown in C. The release of radioactively
UTP 680 1000 1.47 dTTP 456 593 1.30
labeled Pi from [g-32P]ATP in the absence and presence of poly(U) was CTP 696 888 1.28 dCTP 470 470 1.00
measured by DEAE paper electrophoresis. An autoradiogram of the
dried paper is shown. The samples analyzed are indicated in the figure. a ATPase activity is given relative to the activity determined in the
absence of added polynucleotide which is defined as 100%. Homopoly-
mers were solubilized to stock solutions of 2 mg/ml from lyophilized
material according to the data given by the supplier. Heteropolymericside triphosphates with specific activities between 1100
single-stranded and double-stranded nucleic acids, 25 OD260 and 20and 450 pmol NTP or dNTP hydrolyzed per pmol enzyme
OD260, respectively, were assumed to represent 1 mg of nucleic acid.per minute at 307 depending on the substrate. Except for
All nucleic acids were included at 100 mg/ml in the standard ATPase
the hydrolysis of dCTP, all NTPase activities could be assay (see text).
stimulated by the presence of poly(U). The highest stimu- b Specific activities (S.A.) are given as pmols of NDP generated from
NTP per pmol of p70 per min at 307 in a standard NTPase reactionlation, 1.7-fold, is observed in the GTPase reaction which
either in the absence of poly(U) or in the presence of 100 mg/ml ofhas also the highest activity in the absence of poly(U).
poly(U). [a-32P]NTP was used as labeled tracer in each reaction. Spe-In all reactions the g-phosphate was specifically re-
cific activities obtained in a single experiment in which all 16 specific
leased and the nucleoside diphosphates did accumulate activities were determined using a single enzyme preparation are
(data not shown). given. Similar data were obtained in other analyses using a less com-
plete set of substrates and different enzyme preparations.In the experiments described above the Rubella virus
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analyzed by experiments similar to those described in ACKNOWLEDGMENTS
this report (13).
We thank Dr. D. Linder (Institut fu¨r Biochemie; University of Giessen)
Comparative amino acid sequence analyses of pro- for amino-terminal sequence determinations. This study was supported
by the Sonderforschungsbereich 272 and by the Fonds der Chemischenteins involved in the replication of positive-strand RNA
Industrie.viruses together with functional analyses of a few of
these proteins have allowed identification of amino acid
REFERENCESsequence motifs for a number of these proteins: RNA-
dependent RNA polymerases, RNA helicases, proteases,
1. Bowden, D. S., and Westaway, E. G., J. Gen. Virol. 65, 933–943
RNA methyltransferases, and genome-linked proteins (6). (1984).
The Rubella virus contains a 5*-terminal cap structure 2. Choli, T., Kapp, U., Wittmann-Liebold, B., J. Chromatogr. 476, 59–
72 (1989).and no genome-linked protein, but the sequence motifs
3. Dominguez, G., Wang, Ch.-Y., and Frey, T. K., Virology 177, 225–identified by these studies have allowed indication of the
238 (1990).
localization of sequences in the Rubella virus polyprotein 4. Frey, T. K., Adv. Virus Res. 44, 69–160 (1994).
that are responsible for each of the other four functions 5. Gorbalenya, A. E., Koonin, E. V., Donchenko, A. P., and Blinov,
V. M., Nucleic Acids Res. 17, 4713–4730 (1989).mentioned above. The Rubella virus nonstructural poly-
6. Gorbalenya, A. E., and Koonin, E. V., Sov. Sci. Rev. D. Physicochem.protein of about 220-kDa molecular weight is cleaved
Biol. 11, 1–84 (1993).into two proteins during or after synthesis (1, 11). The
7. Gros, Ch., and Wengler, G., Arch. Virol. 140, 757–764 (1995).
larger of these proteins has a molecular weight of about 8. Higuchi, R., Krummel, B., and Saiki, R. K., Nucleic Acids Res. 16,
150 kDa. It contains the amino-terminal sequences of 7351–7367 (1988).
9. Hodgman, T. C., Nature 333, 22–23 (1988).the polyprotein and the proposed methyltransferase and
10. Laemmli, U. K., Nature (London) 227, 680–685 (1970).protease sequences at its amino- and carboxy-terminus,
11. Marr, L. D., Wang, C.-Y., and Frey, T. K., Virology 198, 586–592
respectively. The smaller of these proteins, which con- (1994).
tains the carboxy-terminal sequences of the polyprotein 12. Murphy, F. A., Fauquet, C. M., Bishop, D. H. L., Ghabrial, S. A.,
Jarvis, A. W., Martelli, G. P., Mayo, M. A., and Summers, M. D.has a molecular weight of about 90 kDa and contains
(Eds.), ‘‘Archives of Virology,’’ Supplementum 10. Springer-Ver-the predicted helicase and RNA polymerase sequences
lag, Wien/New York, 1995.in its amino-terminal and carboxy-terminal regions, re-
13. Rikkonen, M., Pera¨nen, J., and Ka¨a¨ria¨inen, L., J. Virol. 68, 5804–
spectively (3, 6). Experimental evidence for the protease 5810 (1994).
activity of the proposed region has been obtained (11) 14. Sanger, F., Brownlee, G. G., and Barrell, B. G., J. Mol. Biol. 13, 373–
398 (1965).and the experiments reported above constitute experi-
15. Smith, D. B., and Johnson, K. S., Gene 67, 31–40 (1988).mental evidence for a functional role of the proposed
16. Walker, J. E., Saraste, M., Runswick, M. J., and Gay, N. J., EMBO J.helicase segments. Currently these data represent the 1, 945–951 (1982).
only direct biochemical analyses of functional properties 17. Wengler, G., and Wengler, G., Virology 113, 544–555 (1981).
18. Wengler, G., and Wengler, G., Virology 184, 707–715 (1991).of Rubella virus nonstructural protein segments.
AID VY 7784 / 6a11$$$563 01-31-96 22:37:20 vira AP: Virology
